A new imaging method based on the multidimensional scaling (MDS) and inverse distance 18 weighting (IDW) transform is proposed in this study. This method aims to identify, characterize 19 and process an image of the preferential flow path in a rock mass, which strongly governs the 20 hydraulic behavior of this rock mass. This methodology uses pair-wise hydraulic diffusivity data 21 from cross-hole hydraulic testing as the input data. The input data are then processed by MDS 22 and IDW to generate a spatial distribution map of the hydraulic properties, which can be used to 23 2 infer the preferential flow path in the rock mass. The reliability of this novel method was 24 validated through numerical experiments using several continuum models with different 25 hydrogeological structures, and the applicability of the developed method to the actual field was 26 verified through in-situ experiments. 27
Introduction 30
The performance of underground facilities such as high-level waste repositories and 31 underground storage caverns depends on the hydraulic behavior of the surrounding rock mass 32 Kiyoyama, 1990 ; 37 Kjorholt and Broch, 1992; Zimmerman and Bodvarsson, 1996) . 38
In a rock mass, fluid flow is often concentrated or localized in certain flow paths, which 39 heavily influence hydraulic behavior (Park et al., 2002; Wang and Kulatilake, 2008) . Identifying 40 these flow paths is therefore essential. However, knowledge of the presence and the connectivity 41 of the flow paths, especially the super conductive fracture, is generally quite difficult to obtain 42 due to the heterogeneity of the rock mass. 43
To grasp the heterogeneity of the hydraulic properties of rock masses, various hydraulic tests 44 based on point-wise measurements have been developed, including the Lugeon test, pumping test, 45
Data acquisition by cross-hole hydraulic testing 91
The cross-hole hydraulic test is a method to assess the hydraulic behavior between two or 92 more boreholes (Hsieh, 1987; Martinez-Landa and Carrera, 2006) . Each 93 borehole is subdivided into several intervals using packers (multi-packer system). During the test, 94 fluid is injected into an interval and the hydraulic head response is recorded at other monitoring 95
intervals. 96
The injection and monitoring intervals are regarded as the points during data processing. The 97 hydraulic diffusivities (hydraulic conductivity divided by specific storage) between an injection 98 interval and monitoring intervals are determined from the hydraulic head at the injection interval, 99 the temporal change in hydraulic heads at the monitoring intervals, and the distance between the 100 injection interval and the monitoring intervals. 101
The cross-hole hydraulic test is often carried out using an injection borehole as an injection 102 interval and the remaining boreholes as monitoring intervals. This configuration of data points is 103 applied to geo-tomography in the geophysical field. However, this configuration is not essential 104 for cross-hole hydraulic testing. Monitoring intervals can be set in the injection borehole as well 105 because indirect fluid pressure propagation along the angular flow path is rather common, 106 whereas elastic waves propagate in an almost straight line. 107
To perform a detailed analysis, it is desirable to obtain a matrix of hydraulic diffusivities 108 between all pairs of test intervals by setting monitoring intervals in both the monitoring and the 109 injection boreholes in the cross-hole hydraulic test. A matrix of the hydraulic diffusivities 110 between all test intervals, which were based on the scheme of the cross-hole hydraulic test shown 111 in Fig. 1 In the constant pressure injection test, the injection and monitoring intervals are treated as a 118 pair of points. The head response in the monitoring intervals as a result of the constant pressure 119 injection in the injection intervals can be obtained through graphical interpretation of the test 120 results by conventional curve matching (Hsieh, 1987; Hsieh et al., 121 1985) . 122
Labeling the distance between the injection point and the monitoring point as R, the solution 123 for the injection point and monitoring point can be written as : 124   The dimensionless form of (1) is expressed as: 131 
135 and 136
137
To analyze the constant pressure injection test results, a theoretical type curve of PD h  versus 138 D t was prepared on a log-log plot according to (4) and (5). 139
Then the following steps are performed for each monitoring interval j : 140 i.
Plot j h  versus t on a log-log plot with log cycles of the same size as the type curve. 141
ii. Superimpose the data on the type curve by keeping the coordinate axes of the two plots 142
parallel to obtain the best fit between the in-situ test data and the theoretical type curve 143 (Fig. 2) (Fig. 2) . 147
Substitute the above quantities into (4) and (5) to compute: 148 The sinusoidal pressure test is a cross-hole technique in which a small zone of one borehole is 158 subjected to a sinusoidal variation of pressure while a similar zone in an adjacent borehole is 159 monitored (Black and Kipp, 1981) . The pressure variation in the source zone is created by 160 careful injection and abstraction. This sinusoidally varying pressure is detected in the receiver 161 zone. The amplitude of the pressure variation is smaller in the receiver zone than in the source 162 zone because the pressure waves require some time to diffuse from the source to the receiver. 163
The decrease in amplitude and the phase lag of the received signal compared to the source signal 164 depend on the geometry and hydrogeological properties of the flow paths, which can indirectly 165 be employed to compute the hydraulic diffusivity of the rock mass (Barker, 1988 
Hydraulic configuration of the test intervals 186
The configuration of the test intervals in a cross-hole hydraulic test can be expressed by 187
Cartesian coordinates, which represent the distances between the intervals in the real 188 geographical space. In our study, the configuration of test intervals is also expressed in an 189 alternative coordinate system: in this case, the coordinates do not represent geographical 190 distances but hydraulic distances, which are proportional to the travel time of water over this 191 distance. These hydraulic coordinates can be considered inside an imaginary hydraulic subspace, 192
where the hydraulic distance is measured. 193
The reciprocal of hydraulic diffusivity is a variable appropriate to represent the hydraulic 194 distance, just as "slowness" is the reciprocal of velocity in the tomography case. MDS is a mathematical procedure by which information contained in a data set can be 205
represented by points in a space. Essentially, the purpose of the MDS is to provide a visual 206 representation of the pattern of proximities (i.e., similarities or distances) among a set of objects. 207 MDS plots objects on a map such that objects that are very similar to each other are placed 208 near each other on the map and objects that are very different from each other are placed far 209 away from each other on the map (Kruskal and Wish, 1978; Naugpal, 2001) . 210
The main output of MDS is a spatial representation of a geometric configuration of points on 211 a map. Each point in the configuration corresponds to one object. The configuration on the map 212 can reveal the hidden structure of the data and make the data much easier to comprehend. 213 MDS can also be used indirectly to analyze data that are not real proximities but that can 214 nevertheless be expressed as proximities. The hydraulic distance that was computed from the 215 hydraulic diffusivities obtained from the cross-hole hydraulic test can therefore be considered an 216 expression of proximity. 217
Several algorithms to determine a configuration of a set of objects have been suggested in 218 MDS. Kruskal's algorithm (Kruskal and Wish, 1978) , which is widely applied, is adopted in this 219 study. 220
In MDS, each object is represented by a point, where i x is used to indicate the point that 221 corresponds to the th i object.
X is used to indicate the entire configuration of points from 222 .......... Not all proximities between all pairs of data ij d must be known to obtain the hydraulic 227 configuration, because MDS is a statistical method that is able to estimate missing proximity 228
values. This feature is of practical significance because actual field data sets often suffer from 229 missing observations. 230
With the MDS method, a configuration of data points in the hydraulic subspace can be 231 obtained from the matrix of hydraulic distances (Table 2) , as shown in Fig. 3 . Although it is quite 232 difficult to imagine the fundamental structure of the flow path from the matrix of hydraulic 233 diffusivities in Table 1 and the hydraulic distances in Table 2 , the graphical expression from the 234 MDS in Fig. 3 gives insight into all hydraulic relationships between and among the points (in the 235 cross-hole hydraulic test) and the approximated hydro-geological structure. For example, the 236 existence of principal pathways between A5 and B3 can be inferred at a glance in Fig. 3 . 237 Fig. 3  238 2.3. Geographical configuration of equally spaced obstacle points in the hydraulic subspace 239
In the hydraulic subspace, the hydraulic diffusivity is constant. This way, "obstacles" for fluid 240 flow (like clay particles in soil), which are represented in the hydraulic subspace by a set of 241 equally spaced points, can easily be detected. What needs to be done now is to relocate these 242 obstacles in the original geographical space, so that we can locate the obstacles in the real world. 243
Therefore, we need to refer to the relationship between the geographical and hydraulic 244 configurations of data points, which is assumed as follows (see Fig. 4) . 245 i.
The transformation between two spaces is implemented in an imaginary geometric 246 hyperspace, where the dimensionless geometric distance is measured. The relative 247 configuration of points in this imaginary geometric hyperspace is identical with the 248 relative configurations of the corresponding points in the geographical and in the 249 hydraulic space. 250
ii. The area (volume) of the target polygon (polyhedron), which is surrounded by data points, 251 is the same in the three considered spaces (geographical, hydraulic and imaginary 252 geometric). 253
iii. The configuration of the target polygons in the geometric hyperspace is determined such 254 that the barycenters of the target polygons (polyhedrons) are identical in the three spaces 255 (geographical, hydraulic, and imaginary geometric) and such that the three 256 representations of a given data point are as aligned as possible. 257
With these assumptions, the configuration of a set of equally spaced points in the 258 geographical space can be determined by spatial interpolation using IDW in the geometric 259 hyperspace. 260 The IDW method is the simplest and most widely used spatial interpolator based on the 263 spatial correlation between scattered points (Shepard, 1964; Wackernagel, 1998) . IDW estimates 264 the value at any unsampled site by weighting the available data samples by a power of p , the 265 inverse distance between the sampled location and the unsampled location (scaling the weights 266 to be a unit sum). In the inverse distance weighted interpolation, the interpolation value of   x is calculated based on the following expression:
269
where n is the number of scatter points (data samples) in the set,   i Zx are the values at the 270 sampled points (e.g., the data values set), and i w are the weights assigned to each sampled point.
271
This weight is calculated with the following function: 272 The spatial density of obstacle points in the geographical space is considered to represent the 287 degree of impermeability of the rock. Therefore, regions with a lower density of obstacle points 288 correspond to preferential flow paths. 289
From the results of the preliminary parametric study (see Section 3), the relationship between 290 the density of obstacle points and hydraulic diffusivity was clarified. This relationship enables 291 the estimation of the hydraulic diffusivity at an arbitrary location within the target polygon in the 292 geographical space. If the specific storage capacity of the rock is known, the spatial distribution 293 of the hydraulic conductivity can be found. 294
Several kinds of methods can be considered to measure and display the spatial density of the 295 points. For instance, it can be assessed as the number of obstacles per cell of a superimposed 296 raster. Another approach consists of counting the number of obstacles within a circular 297 neighborhood, which results in a continuous spatial density distribution. 298 The proposed two-dimensional methodology can easily be applied to the three-dimensional 301 context, which involves the three-dimensional geographical space, hydraulic subspace and 302 geometric hyperspace. In the three-dimensional cases, the target polygon in the two-dimensional 303 cases is generalized as the target polyhedron. 304
Because both MDS and IDW are intrinsically multidimensional methods, the three-305 dimensional space continua in the form of a polyhedron can be transformed in a similar way as 306 the two-dimensional one. The hydraulic properties can be evaluated from the volumetric spatial 307 density of obstacle points in the geographical space. Fig. 7 shows the scheme of the three-308 dimensional method. 309 given to the super-conductive flow path, whereas 10 -7 m/s was given to the surrounding rocks. A 318 uniform specific storage of 10 -3 m -1 was assumed throughout the model region. 319
The sides and the top of the region were head-specified boundaries. At the bottom of the 320 region, an impermeable boundary was assumed. The numerical cross-hole test with a constant 321 injection pressure was conducted using seven test intervals with 10-m holes. 322
The hydraulic diffusivity between each pair of test intervals was determined from the 323 computed temporal changes in the hydraulic head, which were obtained from the finite element 324 analysis of the unsteady state groundwater flow. 325
The hydraulic configuration of test intervals was determined by MDS using hydraulic 326 distances between all pairs of test intervals. Sequentially, the configuration of obstacles was 327 determined by IDW, and then the image of the flow path was obtained by counting the number 328 of obstacles per cell of the raster, as shown in Fig. 8 . 329 The horizontal line-shaped flow path emerged at the appropriate position. In addition, the 335 hydraulic configuration gave not only the hydraulic relationship between (and/or among) data 336 points but also an integrated interpretation of the test results in light of the actual phenomena. 337
Fig. 9 338
Figs. 10 and 11 show cases where an oblique conductive path intersects the target polygon. 339
Although Fig. 9 shows that the method can be applied successfully for horizontal flow paths, 340 there are some differences in performance in the cases of oblique and vertical conductive paths 341 ( Fig. 10 and 11) . The preferential flow path in the second example in Fig. 11 is less accurately 342 reproduced compared to the other examples: the zone visualized as conductive flow path not 343 only contains the path but also includes a substantial part of its surroundings. Meanwhile, the 344 vertical flow paths shown in Fig. 12 cannot be visualized at all. Nevertheless, the computed 345 pattern of hydraulic configuration data points and equally spaced obstacle points shown in Fig.  346 12 (b) hints at the presence of a preferential flow path. 347 flow path intersects the target polygon at different depths, similar to the case of the two-362 dimensional models shown in Fig. 9. Fig. 15 shows the results obtained for oblique conductive 363 paths intersecting both sides of the target polygon. In the computed images, the lighter gray 364 colors indicate zones with a higher hydraulic conductivity. Because the images obtained by the 365 two-dimensional and three-dimensional numerical experiments show the assumed flow path at 366 the appropriate location, it can be assumed that the proposed imaging method is reliable. 367 The applicability of the imaging method, which shows good performance in the numerical 372 experiments, was also examined by field experiments at two sites using two-dimensional and 373 three-dimensional models. 374 4.1.1. Field experiment in tertiary sedimentary rocks -two-dimensional case 375
A cross-hole hydraulic test with constant injection pressure as explained in Section 2.1.1 was 376 conducted using two boreholes, which were drilled in a tertiary alternation of mudstone, 377 sandstone and pumice tuff with a homoclinal structure. 378
The geographical configuration of the nine test intervals and the imaging results given by the 379 proposed method were drawn on the underlying geological profile, as shown in Fig. 16 . The 380 objective polygon contains mudstone, pumice tuff layers and sandstone sub-layers I, II and III. 381
The image of the hydrogeological structure is composed of several layers with different 382 hydraulic properties. The direction of these layers corresponds with the underlying geological 383 structure. Furthermore, the sandstone layer II and the pumice tuff layers, where joints are denser 384
show a higher permeability compared to the other geological layers. Moreover, in zones with 385 mudstone and sandstones I and III, where the joints are more sparse, a lower permeability is 386
indicated. This means that the proposed method provides an appropriate two-dimensional image 387 of the hydrogeological structure of the rock mass in this particular case. 388 The cross-hole hydraulic test with sinusoidal pressure, as explained in Section 2.1.2, was 391 conducted using three boreholes, which were drilled in a cretaceous alternation of sandstone and 392 mudstone. Fig. 17 (a) shows the geographical configuration of the eleven source and observation 393 intervals, which were set at a depth of 25 m to 35 m from the exploration adit of the underground 394 power station construction site. The presence of a steep fracture zone in the target polyhedron is 395 confirmed by both the adit wall observation and the borehole television (BTV) observation (Fig.  396 17 (a)), although this fracture zone does not directly appear at any source or observation interval. 397 Fig. 17 (b) shows the hydraulic configuration of the data points. Fig. 17 (c) shows the computed 398 image of the preferential flow path. This image shows good agreement with the fracture zone, 399 which is the only hydrogeological structure in the target polyhedron that can be a super 400 conductive flow path. This means that the proposed methodology is able to deliver a reliable 401 three-dimensional image for this field test. 402 shape and hydraulic conductivity, in both two and three dimensions. 414
Although the method can be applied successfully, there are some differences in performance 415 between the various situations presented in this study. The method appears to perform well for 416 detecting the preferential flow path if there is a difference in hydraulic diffusivity between the 417 point pairs involved in the cross-hole test. From the numerical analysis results, it was found that 418 the degree of intersection determines whether the preferential path will have a large or a small 419 impact on the measured diffusivity. The higher the degree of intersection (i.e., in the case of a 420 horizontal flow path), the larger the impact on the measured hydraulic diffusivity will be. In case 421 of such a high degree of intersection, the preferential flow path can be clearly visualized. 422
However, if the degree of intersection is smaller (i.e., an oblique flow path) or similar for all 423 point pairs, as in the vertical flow path cases, the calculated diffusivity for all pairs will be 424 similar, and thus the preferential flow path cannot be visualized. 425
The possible orientation of the preferential flow path needs to be estimated before the 426 methodology developed in this study can be applied. 
